Abstract Bandicoots are omnivorous marsupials of the order Peramelemorphia. Conservation concerns and their unique biological characteristics suggest peramelomorphs are worthy research subjects, but knowledge of their genetics and immunology has lagged behind that of other highprofile marsupials. Here, we characterise the transcriptome of the long-nose bandicoot (Perameles nasuta), the first high-throughput data set from any peramelomorph. We investigate the immune gene repertoire of the bandicoot, with a focus on key immune gene families, and compare to previously characterised marsupial and mammalian species. We find that the immune gene complement in bandicoot is often conserved with respect to other marsupials; however, the diversity of expressed transcripts in several key families, such as major histocompatibility complex, T cell receptor μ and natural killer cell receptors, appears greater in the bandicoot than other Australian marsupials, including devil and koala. This transcriptome is an important first step for future studies of bandicoots and the bilby, allowing for population level analysis and construction of bandicoot-specific immunological reagents and assays. Such studies will be critical to understanding the immunology and physiology of Peramelemorphia and to inform the conservation of these unique marsupials.
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Keywords Marsupial . Metatherian . Immunity . Transcriptome Bandicoots (family Peramelidae) are small to medium ground-dwelling omnivorous marsupials endemic to Australia and New Guinea. With the bilby (Macrotis lagotis), they form the order Peramelemorphia, one of four extant Australasian marsupial lineages (Beck 2008; Mitchell et al. 2014) . Peramelomorphs have several unique developmental biological characteristics, including an extreme mode of chromosomal X inactivation, involving elimination of the paternal X from somatic cells (Hayman and Martin 1965) , and the development of an invasive chorioallantoic placenta (Padykula and Taylor 1982) .
Despite their unusual biology and many species being listed as endangered or vulnerable (DoEE 2017; Leary et al. 2016) , research into the genetics and immunology of peramelomorphs has lagged behind other more 'high-profile' marsupial and mammalian orders. Indeed, most research on the immunome of marsupials to date has focused on Tasmanian devils (Sarcophilus harrisii; Morris et al. 2015a) , koalas (Phascolarctos cinereus; Hobbs et al. 2014; Morris et al. 2014; Abts et al. 2015) , Tammar wallabies (Notamacropus eugeni; Siddle et al. 2009 ) and opossums (Monodelphis domestica; Belov et al. 2007; Wong et al. 2011a ) as representatives of the orders Dasyuromorphia, Diprodontia and Didelphimorphia, respectively.
A better understanding of the immunology of bandicoots is an invaluable tool in the management of vulnerable populations. While the main threats include introduced predators and habitat clearing, disease is also of concern, including toxoplasmosis, caused by the parasite Toxoplasma gondii (Obendorf and Munday 1990) , and papillomatosis and carcinomatosis syndromes associated with the bandicoot papillomatosis carcinomatosis virus type 1 (BPCV1; Woolford et al. 2007 ). They are susceptible to a range of other pathogens including intracellular bacteria in the order Chlamydiales that have been associated with conjunctivitis in bandicoots (Warren et al. 2005) ; Klossiella quimrensis, an apicomplexan parasite associated with renal coccidiosis ; and suites of endo-and ectoparasites (Mackerras et al. 1953; Cepon et al. 1991; Bennett et al. 2006) .
Here, we characterise the transcriptome of the long-nosed bandicoot (Perameles nasuta; hereafter 'bandicoot'), by assembling reads pooled from four tissues (heart, liver, spleen, kidney) from a single individual. In doing so, we present the first study using high-throughput methods to investigate the immune gene repertoire for any peramelomorph and make comparisons with previously characterised immune genes from Australian and American marsupials.
Heart, liver, spleen and kidney tissue samples were harvested from a male adult P. nasuta admitted to Australia Zoo Wildlife Hospital for veterinary care due to road trauma. The animal was euthanised at the discretion of the attending veterinarian due to its injuries (spinal fracture). Tissue specimens were harvested freshly from the euthanised animal during necropsy and stored in RNALater (Qiagen) at −20°C until processing. Total RNA was isolated following sonication with Minilys® (Bertin Instruments, France) according to the manufacturer's protocol and purification with the Qiagen RNeasy extraction kit (Qiagen Pty, Ltd., Australia). Contaminating DNA was removed using TURBO DNA-free™ DNase Treatment and Removal Reagents (Ambion, Life Technolologies™, Australia). Sample purity and concentration were quantified using a NanoDrop 2000 (Thermo Scientific, Massachusetts, USA).
Following library preparation, total RNA was sequenced across two lanes of an Illumina HiSeq2000 with 100 bp paired-end reads at the Australian Genome Research Facility (Parkville, Australia). The resulting RNA-seq reads underwent quality control and trimming prior to assembly with the Trinity pipeline (version r20140717) (Haas et al. 2013 ) using the default parameters and the optionstrimmomatic and -normalize_reads. The combined assembly of all tissues resulted in 381,452 Trinity transcripts. The mean transcript length was 849 bp, the longest was 28,921 bp and the total assembly length was 323.8 Mb. We used BUSCO (v2.0.1; Simão et al. 2015) to estimate assembly completeness and of 3950 vertebrate orthologs, we found 3441 assembled completely, 276 partially and 233 missing. This Transcriptome Shotgun Assembly project has been deposited at DDBJ/EMBL/GenBank under the accession GFSS00000000. The version described in this paper is the first version, GFSS01000000 [BioProject PRJNA394906] .
Functional annotation of the combined assembly was performed using the Trinotate pipeline (version 2.0.2; https:// trinotate.github.io/). Briefly, using translated bandicoot transcripts, BLASTp searching of the SwissProt nonredundant database as the target (Altschul et al. 1990 Using this approach a further 7768 transcripts were annotated. The annotated genes matched to a total of 27,689 unique SwissProt or Genbank genes. For selected gene families, additional BLAST searches were performed in order to comprehensively identify all transcripts belonging to these families using sequences retrieved either from GenBank or IMDD (Wong et al. 2011b ; http://hp580.angis.org.au/tagbase/ gutentag/). In total 83, 817 transcripts (22%) were annotated by these approaches.
To gain an overview of the annotated genes in the assembled bandicoot global transcriptome, Generic Gene Ontology (GO) Term Mapper (Boyle et al. 2004 ; http://go.princeton. edu/cgi-bin/GOTermMapper) was used to assign GO slim terms to the transcripts under the biological process aspect. Of the 27,689 genes with unique Swissprot or Genbank hits, 10,291 had GO slim annotations associated with them, covering a total of 69 GO slim terms (Online Resource 1). The most abundant GO terms were 'cellular nitrogen compound metabolic process' (35% of genes), 'biosynthetic process' (34%), 'signal transduction' (30%), 'anatomical structure development' (28%) and 'transport' (25%), demonstrating a diverse range of genes were expressed in the transcriptomes.
A total of 1416 genes (14%) were classified under the GO slim 'immune system process' term, indicating a large number of immune genes were expressed in the transcriptome. For comparison, using a similar approach only approximately 500 immune genes (3.5%) were identified in bats (Papenfuss et al. 2012) , while 1341 (8.2%) and 851 (8.0%) were identified in Tasmanian devil (Hewavisenti et al. 2016 ) and koala , respectively. The set of genes classified under this category were further categorised into GO subcategories using PANTHER (Thomas et al. 2003 ; http:// pantherdb.org/). The distribution of genes mapping to the top 30 immune system process terms are shown in Fig. 1 (Online Resource 1 for full list). The most abundant GO terms under 'immune system process' were 'regulation of immune system process' (50%), 'immune response' (43%), 'positive regulation of immune system process' (34%), 'regulation of immune response' (33%), 'immune system development' (26%), 'immune effector process' (24%), 'leukocyte activation' (23%) and innate immune response (20%). This shows genes belonging to the main immune system pathways are present in the transcriptome including innate immune response, B and T cell immunity, natural killer (NK) cells, cytokine and antigen processing pathways. To investigate the bandicoot immune genes in further depth, we characterised key bandicoot immune genes and immune gene families of both innate and adaptive immune system pathways.
Pattern recognition receptors are innate immunity receptors that recognise conserved pathogenic molecular patterns and include the toll-like receptors (TLRs), RIG-I like helicases (RLHs) and NOD-like receptors (NLRs). The best studied among these are the TLR family. TLRs are membranespanning receptors, usually expressed on sentinel cells, which recognise molecules from a broad range of pathogens (Delneste et al. 2007 ). Previously, 10 marsupial TLRs have been identified, compared to 11 eutherian TLRs, with marsupials having a single TLR related to eutherian TLR1 and TLR6 (Cui et al. 2015) . All 10 marsupial TLRs were identified in the bandicoot transcriptomes, suggesting that this set of TLR orthologues is likely conserved across all marsupials.
Unlike TLRs, the RLH and NLR families have not been well studied in marsupials. RLH proteins recognise viral DNA and RNA in the cell cytoplasm (Yoneyama et al. 2005) . The RLH family members appear to be conserved across mammals as orthologues of the three eutherian RLH sequences (RIG-I, MDA5 and LPG2) were identified in the bandicoot transcriptome. The NLR family is a diverse group of genes that primarily recognise bacterial patterns within the cell cytoplasm (Franchi et al. 2009 ). The NLR family is broadly divided into NOD genes and NLRP genes. In the bandicoot transcriptome, single orthologues were identified to each of the six eutherian NOD genes. For most members of the eutherian NLRP family, however, orthologues were not identified. In humans, there are 14 NLRP genes (Ting et al. 2008 ). Due to fragmentation and the close identity of the NLRP sequences in the bandicoot transcriptome, the exact number of loci is not clear. We identified 27 unique NLRP sequences, representing a conservative minimum of nine loci, and constructed a phylogeny of NLRP sequences to investigate orthology (Fig. 2) . Construction of all phylogenies in this study was conducted as follows. Protein sequences were aligned using the MUSCLE algorithm (Edgar 2004) using full coding sequences where available, and the entire transcript for partial transcripts. The phylogenetic trees were constructed using the maximum-likelihood method and the JonesThornton-Taylor (JTT) model (Jones et al. 1992) , and evaluation through 500 bootstrap replicates in MEGA6 (Tamura et al. 2013) . The NLRP tree included 12 opossum and Tasmanian devil homologues identified using BLAST. We found that bandicoot and other marsupial sequences do not generally form 1-1 orthologues with human sequences, but instead the majority fall within two marsupial-specific clades, Fig. 1 Top 30 most frequent GO terms under the GO BImmune system process^term indicating that these genes are likely to have duplicated independently in the marsupial and eutherian lineages. An orthologue of human NLRP12 was present in the opossum and devil genome, but this was not recovered from the bandicoot transcriptome. The number of NLRP loci in the bandicoot is likely higher than in devil or opossum, for which eight and four NLRP loci could be identified in their respective genomes (Online Resource 1).
Chemokines are a family of cytokines involved in inflammation, cell migration, activation and differentiation (Laing and Secombes 2004) . In total, 45 chemokine sequences were identified in the bandicoot transcriptomes, representing at least 29 loci across the four chemokine families (CX3C, XC, CXC and CC). The single CX3C locus is relatively conserved among mammals; as with most other mammals, a single bandicoot CX3C sequence was identified (Online Resource 1). The XCL locus is represented by two loci in most mammalian species, including human, opossum and devil (Wong et al. 2011a; Morris et al. 2015a ). Interestingly, four XCL sequences were identified in the bandicoot transcriptomes, representing at least three loci (Online Resource 2). These genes are not orthologous to human or opossum XCL genes, however, one bandicoot sequence is orthologous to devil XCLB while three are homologous to devil XCLA (Online Resource 2).
Most CXCL family members that are conserved across marsupials and eutherians were found in the bandicoot. CXCL family members present in devil or opossum, but missing in the bandicoot transcriptomes were CXCL12, 16 and 17. In both the devil and opossum, multiple marsupial-specific CXCL chemokines have been identified (Wong et al. 2011a; Morris et al. 2015a) , although none was identified in the bandicoot transcriptome. We found a large number of marsupialspecific CCL chemokines in the bandicoot transcriptome, including 21 sequences, which indicated at least 11 loci (Online Resource 3). This compares to 16 loci and 18 loci in the devil and opossum genomes, respectively (Wong et al. 2011a; Morris et al. 2015a ). All CCL orthologues conserved between marsupial and eutherian groups were also identified in the bandicoot transcriptomes with the exception of CCL27 and CCL28 (Online Resource 3).
Interferons are cytokines that form a key part of the antiviral response and they are divided into three classes-type I, II Fig. 2 Phylogeny of NLRP sequences. Bootstrap values < 50% not displayed. Pena = bandicoot (Perameles nasuta; red circles); Saha = devil (Sarcophilus harrisii; green triangles; Modo = opossum (Monodelphis domestica; yellow circles); Hosa = human (Homo sapiens; blue squares); Isma = Northern brown bandicoot (Isoodon macrourus; brown circle); Maeu = wallaby (Notamacropus eugenii; cyan triangles); Oran = platypus (Ornithorhynchus anatinus; black diamond); Phci = koala (Phascolarctus cinerius; pink triangles). Accession numbers for sequences used can be found in Online Resource 1 and III. No type I interferons (-A, -B and -K subtypes in marsupials) or type III interferons (IFNL) were present in the bandicoot transcriptome. This is not surprising, however, as no type I or type III interferons were detected in the devil transcriptomes previously (Morris et al. 2015a ), as they may have tissue-or infection-specific expression. A single type II interferon, IFNG, which plays a key role in cell-mediated immunity (Schroder et al. 2004) , was identified. Additional transcripts encoding the type I interferon receptor (INAR1 and INAR2), type II receptor (IFNGR1) and those encoding the type III receptor (IL10RB and IFNLR1) were also identified in the bandicoot transcriptome.
Interleukins (ILs) are a diverse group of mostly unrelated cytokines, with diverse roles in immune regulation and inflammatory response (Brocker et al. 2010) . Twenty-two interleukins were identified in the bandicoot transcriptome, including IL4, IL5, IL6, IL10 and IL13, each a cytokine associated with the Th2 (humoral immunity) T cell response (Janeway et al. 2001) . Sixteen interleukins previously identified in marsupials were missing from the bandicoot transcriptome, including IL2 and IL12, key components of the Th1/cellmediated immune response (Janeway et al. 2001 ). In addition, IL3, which was also not identified in either devil or opossum genomes (Morris et al. 2015a ), was also not present in the bandicoot transcriptome, suggesting this gene may have been lost from the marsupial lineage. IL18 and IL22 loci were found to be duplicated in the devil genome (Morris et al. 2015a ), but only a single IL18 transcript was expressed in bandicoot and no IL22 transcript was identified. Like the devil, two sequences related to the eutherian IL36 family were present in the bandicoot, though these had duplicated independently in both the devil and the bandicoot.
Additional cytokines identified in the bandicoot transcriptome include the tumour necrosis family (TNF) family and growth factors. All previously identified marsupial TNFs were identified in bandicoot, except TNFSF4, TNSF10 (TRAIL) and TNFSF10L. Identified bandicoot TNF members included the key TNF cytokines TNF, LTA, LTB and FITLG. Additional key cytokines identified in the bandicoot transcriptome included CSF1, TGFB1 and VEGFA.
Natural killer (NK) cells are a key part of the innate immune system, as they detect and destroy foreign or abnormal cells (Herberman 1986) . Their ability to recognise these cells is mediated through NK receptors on the cell surface. In marsupials, NK receptors belong to two unrelated families, the Igdomain containing leukocyte receptor complex (LRC) family genes, and the C-type lectin domain (CLEC) containing natural killer complex (NKC) family genes. Marsupial NKC family genes are conserved and exist mostly as one-to-one orthologues within marsupials, while LRC genes are highly duplicated within the marsupial lineage (Belov et al. 2007 ; van der Kraan et al. 2013; Morris et al. 2015b) . We found all the marsupial genes belonging to the NKC CLEC family in the bandicoot, with the exception of the marsupial-specific CLEC2-like. These genes form orthologues with eutherian CLEC genes and are relatively conserved, as shown by previous studies (Belov et al. 2007; van der Kraan et al. 2013; Morris et al. 2015b) .
LRC receptors are made up of tandem immunoglobulin (Ig) domains. In total, 51 LRC sequences were identified in the bandicoot transcriptome. However, many sequences were partial and may collapse to form fewer complete LRC genes. We estimate a conservative minimum of 11 gene loci (data not shown). One to five Ig domains were seen per LRC gene in devil, koala and opossum, with the majority containing two Ig domains (Belov et al. 2007; van der Kraan et al. 2013; Morris et al. 2015b ). The bandicoot transcripts contained only 1-2 domains with the majority containing single Ig domains, indicating that they are likely to be partial transcripts. In total, 66 unique Ig domains were contained in these transcripts, greater than in koala transcriptomes (43) or the devil genome (35), but less than in the opossum genome (154). This suggests the diversity of LRC NK receptors in bandicoot may be higher than in other Australian marsupials investigated. We examined the phylogenetic relationships between the LRC domains of marsupials (Online Resources 4). Similar to previous studies (van der Kraan et al. 2013; Morris et al. 2015b) , we found that duplications of the LRC domains occurred largely independently in marsupial and eutherian lineages. However, a bandicoot orthologue of one eutherian gene, OSCAR, was observed (100% bootstrap support), which was previously identified in opossum (Belov et al. 2006 ), but not in Australian marsupials (van der Kraan et al. 2013; Morris et al. 2015b) . Some orthologous domains were seen among marsupials (for example orthologues to devil DIG14.2) while other bandicoot LRC domains clustered together (for example six bandicoot domains related to devil Dig8), indicating a bandicoot-specific expansion.
Major histocompatiblity complex (MHC) receptors are a crucial component of the adaptive immune response. They bind antigens and display them on the cell surface for recognition by T cells, and they are encoded by genes that are among the most polymorphic in mammalian genomes (Marsh et al. 2010 ). There are two types of MHC antigensclass I and class II. Class I antigens, involved in detecting abnormal, foreign or infected cells, are encoded by the polymorphic MHC class I gene and a non-polymorphic B2M gene (Williams et al. 2002) . In mammals, there are two types of MHC class I gene-classical genes which are highly polymorphic and non-classical genes which show low or no polymorphism.
In the bandicoot, we identified 14 unique MHC class I sequences, however, as several were partial sequences, these represent a minimum of 13 sequences. We constructed a phylogeny of MHC class I sequences, including related MR1 sequences as an outgroup, to examine the relationships between bandicoots and other marsupials (Fig. 3a) . There are several non-classical loci that are generally conserved across marsupials including UK, UM and UE ( Fig. 3a ; Abts et al. 2015) . While we expected close homologues to exist in the bandicoot, none were identified in the transcriptome (Fig. 3a) . However, this was not unexpected as non-classical MHC genes typically have low and tissue specific expression. All 14 of the identified bandicoot sequences formed a single clade (along with the single Northern brown bandicoot sequence), with strong bootstrap support. In most marsupials, there are up to three polymorphic classical class I loci and up to ten nonpolymorphic non-classical loci. As many non-classical genes are likely not expressed in this dataset, the expression of 13 unique sequences indicates a high level of diversity of MHC I genes in the bandicoot. One Northern brown bandicoot sequence was available, and showed high identity (83%) to one of the novel bandicoot sequences. Transcripts for proteins involved in antigen loading and presentation were also identified including TAP1, TAP2 and B2M. Class I related proteins including HFE, CD1 and MR1 were also identified. A new family of class I related proteins specific to marsupials and monotremes has recently been identified (UT), which has 17 and 13 family members in the opossum and Tasmanian devil, respectively (Papenfuss et al. 2015) . One UT family member was identified in the bandicoot transcriptome, likely to be an orthologue of UT17 (Online Resource 5).
MHC class II genes are expressed only on specific immune cells and are key for triggering immune response to extracellular pathogens (Villadangos 2001) . These receptors are formed by an α and a β chain. In marsupials, there are 1-3 MHC II loci (DA, DB, DC), with both alpha and beta chains encoded at each. Alpha chains typically have lower polymorphisms than the beta chains and are sometimes fixed. Two alpha chains, DAA and DBA were identified in the bandicoot, with single alleles for both (Online Resource 1). An orthologue of DCA, previously only identified in opossum and koala, was not identified.
Two MHC II beta loci, DAB and DBB are duplicated in some species; for example, tammar wallabies have two DBB genes and three DAB genes, Tasmanian devils have three DAB loci and no DAA loci, while opossum have a single gene for each (Cheng et al. 2012b; Abts et al. 2015 ). An additional gene, DCB, has been identified in opossum and koala (Abts et al. 2015) . In the bandicoot, a total of 13 class IIB transcripts were identified. However, these were mostly fragmented and so likely represent fewer than 13 full length class IIB transcripts. We constructed a phylogenetic tree using our bandicoot genes and a selection from other marsupials (Fig. 3b) . We found these transcript sequences clustered with both DBB and DAB, indicating that both loci were expressed in bandicoot. A DCB orthologue was not identified, however. Four bandicoot DBB transcripts were identified, but as they were fragmented, they could represent two alleles of a single DBB locus. Nine DAB transcripts were identified, representing at least five unique sequences and therefore at least three loci. We also identified DMA and DMB, related genes that are involved in antigen processing, in the bandicoot transcriptome.
There are two antigen receptor systems in vertebrates that allow for antigen specific binding: immunoglobulins (Ig) and T cell receptors (TCR). Immunoglobulins are produced by B cells and these molecules are formed by two identical heavy and light chains (Klein and Hoøejsí 1997) . We found all marsupial Ig heavy and light chains in the bandicoot transcriptome. Single heavy chain constant regions (A, E, G and M) were identified, consistent with previous marsupial studies (Miller 2010; Morris et al. 2015a ). Both light chains were identified, with a single K constant region identified, as in other studied mammals. The L constant region is duplicated in marsupials, with eight L chains identified in the opossum genome and four in the devil genome, although only one devil lambda gene is expressed in range of devil transcriptomes (Morris et al. 2015a) . Two lambda chains were seen in the bandicoot transcriptome.
T cell receptors allow for recognition of MHC-bound antigens. These receptors consist of two TCR chains. There are five different TCR chains found in mammals (α, β, γ, δ and μ), and these combine to form three different TCR subtypes. The α/β and γ/δ TCR receptor subtypes are found across mammals, while the μ/μ subtype is unique to marsupials and monotremes (Parra et al. 2007 ). We found all five TCR chains, indicating expression of all three TCR subtypes in the bandicoot. The TCB constant region is commonly duplicated in marsupials, and two TCB constant chains were identified in the bandicoot transcriptome. The TCM locus is highly duplicated with seven TCM constant chains in the devil (four of which have been identified in devil transcriptomes; Morris et al. 2015a ) and eight in opossum (Parra et al. 2008) . Six full length TCM constant chains were identified in the bandicoot transcriptomes indicating a diverse expression of TCM genes. An additional truncated sequence was also identified that may represent an expressed pseudogene, as it is lacking a conserved cysteine residue (data not shown). We examined the phylogenetic relationships of TCM constant chains in marsupials (Fig. 4) . Most marsupial TCM sequences fall into two clades, and sequences from bandicoot are seen in both. Two TCM sequences from the Northern brown bandicoot showed high similarity to the novel bandicoot sequences. TCM1 from each species shared 98% identity with only a single amino acid change, while TCM2 from each species also appears to be orthologous, sharing 89% identity. No orthologues were detected between more distantly related marsupials. This is the first broad survey of immune genes in the bandicoot, including the analysis of several key gene families in detail. We described RLH and NOD-like receptors for the first time in marsupials. We found that bandicoots express a diverse range of immune genes, and that their immune gene complement is similar to that of previously studied marsupials, including opossum, Tasmanian devil and koala. Interestingly, the diversity of expressed transcripts in several key families such as MHC, TCM and LRC NK receptors appears greater in the bandicoot than reported for other Australian marsupials. Lineage-specific expansions in the bandicoot were also seen in several families including CCL chemokines, NLRP, MHC, TCM and LRC receptors. Some immune genes that were missing from these transcriptomes included type I and III interferons and interleukins such as IL2 and IL12. These were not unexpected though as these may be only expressed by stimulated immune cells and were also missing from previous marsupial transcriptomes.
This transcriptome study provides a key resource for future studies of bandicoots and the bilby, allowing for populationlevel analysis and construction of bandicoot-specific immunological reagents and assays. A combination of genomics, transcriptomics and population-level analysis of immune genes could be used to better compare diversity between species of peramelomorphs. These data could assist future studies in examining functional diversity (by examining MHC or immune gene diversity) of threatened bandicoot species, as has been done for Tasmanian devils (Cheng et al. 2012a; Morris et al. 2015c) . Identification of bandicoot gene sequences is the first step for development of qPCR, ELISA, immunohistochemistry and flow cytometry assays for studying disease. Such studies will be critical to understanding the immunology and physiology of this unique group of mammals.
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